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Introduction
Vaccinations have been an essential part of basic medical care for over a century, providing protection to various diseases and pathogens. Traditionally inactive or attenuated viruses have been used to establish humoral and cellular immunity. Since the advent of molecular biology and the ease of DNA manipulation, it has been proposed to use DNA as a vehicle of immunization. 1 Different techniques have been developed to establish immunity against DNA-encoded antigens (Ag). Intramuscular and intradermal (i.d.) injections of naked DNA followed by electroporation (EP) greatly increases the ability of DNA vaccines to elicit cellular immune responses including cytotoxic CD8 + T lymphocytes (CTL). 2, 3 Cancer vaccines able to elicit strong antigen-specific CTL responses that are effective at eliminating tumors are highly desired for achieving favorable clinical outcomes. 1, 4, 5 Mature activated antigen presenting cells (APC), such as dendritic cells (DC) are essential for establishing effective CTL responses. DNA vaccines can target sentinel APCs, such as DNa vaccines have been shown to elicit tumor-protective cytotoxic T lymphocyte (cTL) immunity in preclinical models, but have shown limited efficacy in cancer patients. Plasmids used for DNa vaccines can stimulate several innate immune receptors, triggering the activation of master transcription factors, including interferon regulatory factor 3 (IRF3) and nuclear factor κ B (NF-κB). These transcription factors drive the production of type I interferons (IFNs) and pro-inflammatory cytokines, which promote the induction of cTL responses. Understanding the innate immune signaling pathways triggered by DNa vaccines that control the generation of cTL responses will increase our ability to design more effective vaccines. To gain insight into the contribution of these pathways, we vaccinated mice lacking different signaling components with plasmids encoding tyrosinase-related protein 2 (TRP2) or ovalbumin (OVa) using intradermal electroporation. antigenspecific cTL responses were detected by intracellular IFN-γ staining and in vivo cytotoxicity. Mice lacking IRF3, IFN-α receptor, IL-1β/IL-18, TLR9 or MyD88 showed similar cTL responses to wild-type mice, arguing that none of these molecules were required for the immunogenicity of DNa vaccines. To elucidate the role of NF-κB activation we co-vaccinated mice with pIκBα-sR, a plasmid encoding a mutant IκBα that blocks NF-κB activity. Mice vaccinated with pIκBα-sR and the TRP2-encoding plasmid (pTRP2) drastically reduced the frequencies of TRP2-specific cTLs and were unable to suppress lung melanoma metastasis in vivo, as compared with mice vaccinated only with pTRP2. Taken together these results indicate that the activation of NF-κB is essential for the immunogenicity of intradermal DNa vaccines. Langerhans cells and dermal DCs, that are proficient in processing the DNA-encoded antigen and migrating to lymphoid organs to elicit Ag-specific T and B cell responses. 2, 3, 6 Skin-resident APCs are well suited to recognize pathogen-associated molecular patterns (PAMPs) such as double stranded plasmid DNA used for DNA vaccines. Pattern recognition receptors (PRRs), such as Toll like receptors (TLRs), present mostly in APCs detect PAMPs and trigger signaling pathways that activate master transcription factors, including interferon regulatory factors (IRF) and nuclear factor κ B (NF-κB). The resulting production of type I interferons (IFNs), proinflammatory cytokines and chemokines promotes DC maturation that in turn generate CTL responses linking innate to adaptive immune responses. TLR9 recognizes DNA containing unmethylated CpG motifs from bacterial and viral DNA present within the endosomal compartment. 7 Cytosolic DNA sensors include DExD/H box helicases (DHX9/36), 8 DNA-dependent activator of IFN regulatory factors (DAI), 9 absent in melanoma 2 (AIM2), 10 meiotic recombination 11 homolog A (MRE11), 11 gamma-interferon-inducible significant differences in TRP2-specific CTL frequencies could be found between IFNαR −/− and WT mice (Fig. 1C) . To further confirm these results, the role of IRF3, a key transcription factor driving type I IFN expression resulting after ligation of cytosolic DNA sensors, such as DAI and IFI16, was examined. IRF3 −/− mice were able to generate CTL responses as strong as WT mice after vaccination with the TRP2-encoding plasmid (Fig. 1D) . These results demonstrate that type I IFN/IRF3 signaling axis is not required for the ability of intradermal DNA vaccines to elicit antigen-specific CTL responses.
NF-κB activation during intradermal
TLR9 and MyD88 do not mediate the generation of CTL responses after intradermal DNA vaccination. Plasmid DNA produced in the gram-negative bacteria E. coli contains unmethylated CpG motifs that could activate TLR9 and downstream signaling pathways through the adaptor protein myeloid differentiation primary response gene 88 (MyD88), which functions as a central adaptor protein for other TLRs (except TLR3) and the DNA sensor DHX9. 21 This led us to speculate that TLR9-mediated innate immune activation could possibly contribute to the specific adaptive CTL responses elicited by intradermal DNA vaccination. To determine if this was indeed the case, TLR9
−/− and WT mice on C57BL/6 background were vaccinated, as described above, with the OVA-encoding plasmid. Vaccination generated levels of OVA-specific IFN-γ producing CTLs that were similar between the three groups ( Fig. 2A) . To confirm the functionality of the CTLs generated, in vivo cytotoxicity was tested, demonstrating that cytotoxic potential of OVA-specific CTLs was intact in TLR9 and MyD88 KO mice as compared with wild-type mice. In both cases, there was no significant difference in the OVA-specific killing between KO mice and wild-type mice (p = 0.75 and p = 0.98 respectively) (Fig. 2B) . Similar results were obtained when the less immunogenic TRP2 antigen was tested in these TLR9, MyD88 KO models. TRP2-specific CTL frequencies were not different between wild-type and KO mice (Fig. 2C) , indicating that TLR9 and downstream MyD88-dependent signaling are not required for the generation of CTL responses elicited by i.d. EP DNA vaccines. A different proinflammatory pathway that can contribute to the immunogenicity of DNA vaccines is the inflammasome. AIM2-mediated DNA sensing can trigger inflammasome activation, leading to the activation of caspase-1 and the catalytic cleavage of pro-forms of the pro-inflammatory cytokines IL-1β and IL-18 into their active secreted form. Given the observed high expression of the inflammasome protein AIM2 in skin, 22 we studied whether IL-1β −/− IL-18 −/− mice were able to mount similar CTL responses as WT mice. We found that intradermal electroporation induced similar specific CTL responses between the KO and WT mice measured as IFN-γ producingCTLs (Fig. 2D) and in vivo cytotoxicity (Fig. 2E) .
Suppression of NF-κB during intradermal DNA vaccination decreases CTL responses and impedes tumor rejection. Most DNA-sensing PRR (DAI, IFI16, AIM2, DHX9) signaling pathways converge in the activation and nuclear translocation of NF-κB to drive the expression of proinflammatory transcriptional targets. To investigate the role of this pathway, we used a plasmid encoding the IκBα-super repressor (IκBα-SR), which functions similarly to endogenous IκBα in its ability to bind and protein 16 (IFI16), 12 leucine rich repeat flightless-interacting protein (LRRFIP1), 13 probable ATP-dependent RNA helicase DDX41 14 and RNA polymerase III, 15 which transcribes dsDNA into double stranded RNA leading to RIG-I activation. However, which of these DNA-sensing signaling pathways promotes the maturation of APCs after DNA electroporation leading to the generation of CTL responses is not fully understood, especially for intradermal vaccination. Understanding the innate immune mechanisms involved in this process will increase our capacity to design more potent DNA vaccines.
In the following study, we explored the mechanisms involved in the induction of CTL responses elicited by intradermal DNA electroporation resulting in tumor protection. INF-α and transcription factor IRF3, previously identified as a key signaling pathway for establishing response to DNA vaccines, were not required for the induction of CTL responses by intradermal DNA vaccination. Furthermore, the generation of CTL responses was found to be independent of the classical TLR9 DNA sensing pathway and any other MyD88-dependent proinflammatory pathway. Lastly, we demonstrate that NF-κB acts as a master transcription factor that is essential for inducing antigen-specific CTLs and in providing protection against in vivo tumor challenge.
Results

Type 1 interferons are not required for intradermal DNA vaccineinduced CTL responses. DNA-sensing PRRs, including TLR9
and cytosolic DNA sensors, can trigger the production of type I IFNs, which are an important bridge between innate and adaptive immunity by promoting APC maturation and induction of T cell responses. 17, 18 Moreover, type I IFNs have been found to be essential for the immunogenicity of DNA vaccines delivered intramuscularly in a TLR9-independent fashion. 19, 20 To determine whether type I IFNs are also essential in establishing CTL immunity after intradermal DNA electroporation, wild type (WT) and IFNαR −/− mice on the 129sv background were immunized with the plasmid encoding the model antigen ovalbumin (OVA). In contrast to previous studies, CTL responses measured after the second immunization in peripheral blood from IFNαR −/− mice were not reduced compared with WT mice (Fig. 1A) . To test whether the effector function of elicited CTLs was impaired in IFNαR deficient mice, an in vivo cytotoxicity assay was performed. Vaccinated mice were adoptively transferred with CFSE high and CFSE low labeled splenocytes pulsed with OVA and control peptides, respectively. Flow cytometry analysis of lymph nodes from recipient mice showed that killing of CFSE high labeled OVA peptide pulsed lymphocytes was not significantly different between WT and IFNαR −/− mice (p = 0.19), confirming the establishment of functional OVAspecific CTL immunity (Fig. 1B) .
Unlike OVA, tumor antigens are poorly immunogenic and induction of CTL responses against such antigens is controlled by diverse mechanisms of tumor-associated self-tolerance. To identify if the strong immunogenicity of OVA was the reason for the vital CTL responses observed regardless of the deficiency in type I IFN signaling, mice were vaccinated with a vaccine encoding the melanoma antigen tyrosinase-related protein 2 (TRP2). No Finally to confirm that the reduced TRP2-specific CTL responses would have an impact on the ability of intradermal DNA vaccination to confer tumor protection, the B16F10 mouse melanoma lung metastasis model was used. Mice were vaccinated with either control plasmid, pTRP2 or co-vaccinated with pTRP2 and IκBα-SR encoding plasmid as described above; 14 d after the second immunization were challenged with 10 5 B16F10 cells injected i.v. Three weeks after the challenge, lungs were excised and the melanoma metastatic foci were enumerated (Fig. 3C) . Accordingly, significantly decreased melanoma metastasis was observed in mice vaccinated with TRP2 encoding plasmid, whereas mice co-electroporated with both pTRP2 and pIκBα-SR were unable to suppress melanoma formation. Note that electroporation with the IκBα-SR encoding plasmid did not affect lung metastasis when administrated by itself (data not shown). In conclusion, these results indicate that the activation of NF-κB during intradermal DNA vaccination is essential for the induction of CTL-mediated tumor protective immunity. block NF-κB, but carries mutations that prevent its phosphorylation and subsequent degradation and, as consequence, stably impedes the translocation of NF-κB to the nucleus. 23 Thus, this plasmid allows blocking of NF-κB activation specifically at the vaccination site in the context of DNA vaccines. 24 To test the activation of NF-κB during DNA vaccination, a NF-κB luciferase reporter plasmid was i.d EP into the hindquarters of mice as done with DNA vaccines. In vivo luciferase activity was detected six hours after intradermal electroporation, which is indicative of early NF-κB activation. As expected, when the functionality of IκBα-SR was evaluated, co-electroporation with the IκBα-SR encoding plasmid showed decreased in vivo bioluminescence (Fig. 3A) . To test the ability of NF-κB activation during intradermal DNA vaccination to mediate specific CTL antitumor responses, mice were vaccinated with the TRP2-encoding plasmid and pIκBα-SR. This led to a stunning decrease in IFN-γ producing CD8
+ T lymphocytes as compared with mice vaccinated with pTRP2 alone (Fig. 3B) . RNA-PolIII, and LRRFIP1 trigger the production of type I IFNs primarily via TBK1-dependent activation of IRF3, whereas TLR9 and DHX9 can signal through MyD88 to activate IRF7. Type I IFNs lead to the maturation of DCs, inducing an increased expression of MHC molecules and costimulatory molecules, such as CD80 and CD86. 18 Importantly, type I IFNs also provide the "third signal" needed for CD8 + T cells to undergo clonal proliferation and differentiation into CTLs. 17, 25, 26 + and CD8 + T cell responses, including the production of Th1, Th2, and Th17 cytokines. 19 In contrast to the aforementioned studies, in this study we present evidence demonstrating that, at least with DNA vaccines delivered by intradermal electroporation, IRF3-or MyD88-dependent type I IFN signaling is not required for the induction of fully functional antigen-specific T cell responses ( Figs. 1 and 2) . These opposing results can be explained by the different administration routes used in each particular case. Studies proposing a preponderant role for type I IFN signaling have been performed after intramuscular immunization
Discussion
The promise that DNA vaccines would lead to a revolution in vaccine technology has not yet materialized. Many clinical trials have been falling short of their mark with little explanation as to possible reasons, while in contrast, mouse models have shown therapeutic and prophylactic efficacy. In this work we attempt to shed some light on the mechanisms involved in establishing adaptive T cell responses elicited by DNA vaccination. We show here that naked plasmid DNA vaccines delivered via an intradermal route and assisted with electroporation produce antigen-specific CTL responses through a mechanism that relies on the activation of NF-κB. In contrast, the IRF3-type 1 IFN and TLR9-MyD88 innate immune pathways, generally considered to contribute to the sensing of DNA and the initiation of adaptive immune responses, were not required for establishing antigen-specific CTLs.
Electroporated DNA vaccines lead to high expression levels of the plasmid-encoded antigen as well as the introduction of large amounts of plasmid DNA inside the cells that represent a strong signal for several DNA-sensing innate immune receptors. The sensing of DNA by PRRs has become a complex research field, with a multitude of proteins binding to DNA and activating distinct signaling cascades, as recently reviewed in detail by Desmet et al. 21 The net result of these pathways is the production of type I IFNs and proinflammatory cytokines, including IL-1β and IL-18 that promote DC maturation and initiate robust cellular immune responses. In response to DNA, DAI, IFI16, DHX36, DDX41, 
is indicated (B). WT and IL-1β
−/− IL-18 −/− mice on c57BL/6 background were vaccinated with OVa or TRP2 encoded plasmid as described previously. The percentages of IFN-γ-producing cD8 T cells were measured by flow cytometry after in vitro stimulation with TRP2 and control peptides (D). Functionality of OVa-specific cTLs was measured by in vivo cytotoxicity. Lymph nodes were harvested one day after mice were injected i.v. with OVa peptide pulsed cFse high labeled splenocytes and control peptide pulsed cFse Low splenocytes. Bars indicate the mean percentage ± seM of OVa-specific killing (E).
described by Roos et al. that IL-1β mRNA expression is increased 1000-fold after DNA electroporation in the skin. 39 Although AIM2 can be expressed in skin-resident cells, IL-1β −/− IL-18 −/− mice were able to generate CTL responses as efficiently as wildtype mice further discarding that the inflammasome pathway is required for DNA vaccine-induced innate immune activation. The maturation of DCs and the subsequent activation of adaptive immunity are regulated largely by NK-κB signaling pathways. The classical NF-κB signaling cascade triggered in response to dsDNA by DAI, IFI16, AIM2, DHX9, DDX41 DNA sensors, 21 relies on formation and activation of the NEMO/IκB kinase complex. This complex phosphorylates IκBα, facilitating the ubiquitination and proteasomal degradation of this protein.
Once IκBα is degraded, it is no longer able to sequester NF-κB in the cytosol, the p50-RelA dimer then translocates to the nucleus. 40 Our studies show the key role of transcription factor NF-κB in establishing effective anti-tumor CTL responses by intradermal electroporation of plasmid DNA vaccines. By co-electroporating a mutant IκBα construct into the dermis of the skin along with antigen-encoding plasmids, the mechanism for triggering adaptive immunity is abrogated, preventing the tumor protection otherwise offered by DNA vaccines (Fig. 3) . Electroporation of the IκBα-SR construct did not have an effect on tumor metastasis when administrated independently of the TRP2 encoding plasmid (data not shown). Among other targets, activation of NF-κB leads to the production of inflammatory cytokines, such as: IL-6, IL-1β, IL-12, and TNF-α. Among these molecules and similarly to type I IFNs, IL-12 is also able to provide the "third signal" to CD8 + T cells for promoting clonal proliferation and differentiation into CTLs. Therefore, NF-κB can provide all the necessary signals for generating effective T cell immunity. Despite the ability of NF-κB to support malignant cell survival, proliferation, and metastatic potential when expressed in tumor cells; 41 activation of NF-κB during antigen presentation has been extensively demonstrated to promote anti-tumor immune responses using TLR agonists 27, 28 and DNA vaccine adjuvants. 24 In conclusion, in our study we demonstrate the essential nature of NF-κB in establishing CTL immunity after intradermal DNA vaccination. However, identifying which of the multiple DNA-sensing receptors that is involved in sensing intradermally electroporated DNA will be the focus of future studies. A more complete understanding of the DNA-sensing signaling networks initiated after DNA vaccination will allow us to design more effective vaccines.
Materials and Methods
Animals and cells. C57BL/6, TLR9
−/− , MyD88 −/− , IRF3 −/− , 129sv, and IFN-αR −/− mice were kept in accordance with the local Animal Ethics Committee guidelines. Mice were bred and maintained at the Microbiology and Tumor Biology center at the Karolinska Institute. B16F10 were cultured in complete RPMI medium, supplemented with 100 IU/ml penicillin and 100 μg/ml streptomycin, one percent non-essential amino acids, one percent sodium pyruvate and 10% heat-inactivated fetal bovine serum (Gibco 21875, 15140, 11140, 11360, and 10270 respectively) in a humidified incubator at 37°C with 5% CO 2 .
(with or without electroporation), whereas our studies were conducted using intradermal electroporation. It seems reasonable to expect that delivering DNA intramuscularly would target different sets of both DNA-sensing and antigen-presenting cells, than when injecting intradermally. Similar divergences have been found when immunizing with alphavirus replicon-based DNA vectors, which activate dsRNA-sensing innate immune receptors. 28 ,29 Induction of antigen-specific T cell responses elicited by vaccination with replicon-based DNA vectors delivered intramuscularly has shown to be dependent on type I IFNs 27 while in a different study immunizing with the same kind of vector but delivered intradermally, type I IFN signaling was absolutely dispensable, and rather had a suppressive effect. 30 The contrasting results obtained by different groups seem to be related to the vaccination route, further encouraging the need of more comprehensive studies dissecting the signaling pathways activated in each particular tissue. 30 Indeed, a different situation can be observed within the tumor microenvironment, where activation of type I IFN-producing PRRs has been shown to promote potent anti-tumor effects by acting on antigen-presenting cells and subsequently on tumor-specific T cells. 31, 32 Treatment of B16F10 melanoma tumors with poly(I:C) and CpG oligos, triggering TLR3 and 9 respectively, protected mice from tumor challenge together with melanoma specific T-cell transfer. Poly(I:C) and CpG were shown to be responsible for upregulation of CD40 and CD86 on pDCs enriched from tumor draining lymph nodes. 31 In the context of vaccination, it has been found that intratumoral injection of TLR3/9 ligands was responsible for reprograming the infiltrating immune cell population; significantly increasing the CD8 to Treg cell ratio and anti-tumor effects of the vaccine strategy. 32 In addition to type I IFNs, proinflammatory cytokines produced after DNA stimulation play a direct role in promoting DC maturation and T cell induction. Activation of TLR9-MyD88 pathway is a major source of both type I IFNs and proinflammatory cytokines. However, the participation of TLR9 in the immunogenicity of DNA vaccines is controversial with different studies showing TLR9-dependent and -independent mechanisms. In this study, we found that TLR9 and the adaptor protein MyD88 did not play an important role in establishing the pDNA induced adaptive CTL responses, which were similar between the KO and WT mice. In vivo cytotoxicity showed a trend to less effective killing in the KO mice, though this was not statistically significant (Fig. 2) . Our findings are in agreement with previous investigations showing that TLR9 and MyD88 KO mice are able to mount antigen-specific CTL responses after i.m. DNA vaccination. 33, 34 Considering all these studies, it can be concluded that TLR9 contribute but is dispensable for T cell responses elicited by DNA vaccines delivered, and targeting TLR9 represents an opportunity for improvement of adaptive immune responses. Indeed, strategies introducing more CpG motifs into the antigenencoding plasmid DNA vector have been shown to further boost antibody titers in i.m. DNA vaccines. [35] [36] [37] A key proinflammatory pathway downstream of DNA recognition is the production of IL-1β and IL-18. 36 The pro-forms of the IL-1 family members are cleaved into their functional state by caspase-1 through interaction with AIM2-containing inflammasome. It has also been TRP2 (kindly provided by Dr. T. Wölfel, Johannes Gutenberg University), pOVA encoding membrane-bound ovalbumin (kindly provided by Dr. A. Lew, Walter and Eliza Hall Institute of Medical Research), pIκBα-SR encoding the IκBα supperrepressor (kindly provided by Dr R. Toftgård, Karolinska Institutet), and pNF-κB-Fluc encoding firefly luciferase under the control of a NF-κB promoter. Plasmids were purified using EndoFree Plasmid Giga Kit (Qiagen 12391).
Intracellular cytokine staining. Peripheral blood was taken 13 d after the second DNA vaccination from the tail vein. Lymphocytes were cultured with 1 μg/ml of antigen-derived or control MHC class I-restricted peptide during eight hours. GolgiPlug was added during the last six hours. After surface staining, cells were stained intracellularly using the Cytofix/ Cytoperm and fixation/permeabilization kit (BD Biosciences 554722 and 554723) following manufacturer's instructions. Monoclonal anti-mouse CD-8α FITC conjugated, IFN-γ PE conjugated TNF-α APC antibodies were used (Biolegend clones 5H10-1, XMG1.2 and MP6-XT22 respectively). Nonspecific binding was blocked by mouse Fc receptor blocking (Biolegend clone 93). Acquisition and analysis of cells was performed with FACSCalibur and FlowJo version 9.2, respectively.
In vivo cytotoxicity. Splenocytes harvested from naïve mice were pulsed with OVA or control peptide after being labeled with 2 and 0.2 μmol/l of CFSE respectively. Then, 10 7 pulsed splenocytes from each population were mixed and injected intravenously into vaccinated mice. The next day, inguinal lymph nodes from recipient mice were analyzed by flow cytometry. DNA vaccine mediated killing was determined as follows: 100 − (% of CFSE high OVA peptide-pulsed cells/% of CFSE low control peptide-pulsed cells).
In vivo luminescence. Six hours after C57BL/6 mice were vaccinated with plasmid encoding firefly luciferase, under control of an NF-κB promoter, luminescence was measured. This was done by anesthetizing the mice with isoflurane prior to intraperitoneally injecting 100 μl of 30 mg/ml D-luciferin (Promega E1603) dissolved in phosphate buffered saline solution. Mice were scanned with the Xenogen IVIS 100 imaging system where bioluminescence was measured.
Lung metastasis model. DNA vaccinated C57BL/6 mice were challenged by intravenous injection of 10 5 B16F10 cells 14 d after the second DNA vaccination. Three weeks after intravenous challenge, mice were sacrificed and lungs were washed in phosphate buffered saline solution before bleaching in Feketes solution. Analysis of metastasis was performed by enumeration of the visible pigmented melanoma foci in the lung surface.
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